I. INTRODUCTION

O
PTOGENETICS is a revolutionary neuromodulation technique that utilizes light to excite or inhibit the activity of genetically targeted neurons, expressing light-sensitive opsin proteins [1] . To fully realize the potential of the optogenetics tools, neural interface devices with both recording and stimulating capabilities are vital for future engineering development, and improving their spatial precision is a topic of constant research. While ITO has been used in making transparent recording microelectrodes for optogenetics applications [2] , it contains expensive rare elements and has poor mechanical flexibility. Moreover, ITO electrodes, when scaled down to micron dimensions, face a critical problem of an increased electrochemical impedance, which would lead to undesirable electrochemical reactions with the brain tissue [3] and poor recording quality due to noisy, ion-based electric fluctuations of the surrounding media [4] . Thus, there is an urgent need to develop low-impedance, transparent microelectrodes as a neural recording interface in combination with optogenetics. PEDOT:PSS, as one of the most prevalent conducting polymers (CPs), has been demonstrated with many desirable properties for electrophysiological recording, including high biostability, outstanding biocompatibility, and simple utilization with low-cost spin-coating and ink-jet printing techniques [5] , [6] . However, PEDOT:PSS has seldom been used independently as a transparent electrode because of its limited electrical conductivity. PEDOT:PSS can only achieve a sheet resistance of ∼40 ohms/sq even when doped with solvents, such as H 2 SO 4 , which is significantly higher than the ITO sheet resistance of ∼10 ohms/sq [7] . To address the above challenges, we proposed a combined ITO-PEDOT:PSS electrode configuration by spinning thin PEDOT:PSS films on ITO microelectrodes, for applications in low-impedance neural recordings. PEDOT:PSS coated ITO microelectrodes with different diameters were microfabricated and characterized experimentally, and their properties were compared with plain ITO microelectrodes. In particular, electrochemical impedance spectroscopy (EIS) was used to analyze the frequency-dependent impedance of the microelectrodes in a 0.9% NaCl (saline) solution. Equivalent circuit models were applied to fit the experimental results into parameters representing macroscopic physical quantities related to electrode-electrolyte interface impedance. Cyclic voltammetry (CV) was used to quantify the charge storage capacity of the microelectrodes. Atomic force microscopy (AFM) and ultraviolet-visible (UV-Vis) spectroscopy were used to study the sample's surface morphology and optical transmittance, respectively.
II. METHOD
A. Design and Fabrication of Microelectrode Probes
Each probe under test consisted of 6 transparent microelectrodes distributed uniformly along the tip of a single shank, and interconnection wires and contact pads made out of copper ( Fig. 1(a) ). To fabricate the ITO electrode probe, first, 500 nm copper was thermally evaporated (Edward Auto306, Edwards, UK) on an ITO coated polyethylene terephthalate (PET) substrate (639303, Sigma-Aldrich). The copper was patterned using ultraviolet (UV) photolithography and then etched 1536-125X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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in copper etchant. Next, photoresist (PR) was spun on the substrate and photolithographically patterned to form a mask for chemical etching of ITO in 5% hydrochloric acid. After ITO electrodes were constructed, 2 μm Parylene-C was deposited (PDS 2010, Specialty Coating System, Inc) on the substrate as an insulation layer. Then Parylene-C on the contact pads and ITO electrodes was removed completely using oxygen plasma dry etching (RIE-1701 plasma system, Nordson March, Inc). Prior to PEDOT:PSS coating, a PR mask was patterned to expose only the ITO electrode sites. PEDOT:PSS (768642, Sigma-Aldrich) was spun on the top of the substrate with 500 r/min spin speed for 30 secs and then 4000 r/min for 120 secs, followed by baking on a hotplate at 100°C for 30 mins. Finally, PR was rinsed off with acetone, isopropyl alcohol (IPA) and deionized (DI) water to remove unwanted PEDOT:PSS, leaving PEDOT:PSS on top of the ITO microelectrodes. 
B. Testing Methods
To fully understand the electrochemical properties of the transparent microelectrodes, EIS measurements were performed using a potentiostat (Electrochemical Analyzer, CH Instruments, Inc.) in a three-electrode cell [8] , with the ITO or PEDOT:PSS coated ITO microelectrode as the working electrode (WE), an Ag/AgCl electrode as the reference electrode (RE), and a platinum electrode as the counter electrode (CE). The tests were conducted in physiological saline solution at room temperature. The electrochemical impedance of the microelectrode was measured from 0.1 Hz to 100 kHz when a 5 mV RMS sinusoid waveform was applied to the WE. Using the above three-electrode setup, cyclic voltammograms (CV) of the microelectrode were measured at a 100 mV/s sweep rate in a potential range of −0.9 V to 0.9 V. Multiple CV scans were done in experiments before data collection to clean the electrode surface and allow the system to settle. Besides electrochemical measurements, an atomic force microscope (AFM) (5100 N, Hitachi, Inc) was used to compare the surface microphology of the ITO microelectrodes with and without the PEDOT:PSS coating. Thin film optical transmittance was quantified by UV-Vis spectroscopy (Lambda 900, Perkin Elmer) in a wavelength range of 310-750 nm. The PEDOT:PSS film thickness was measured by a profilometer (Nanomap-500 LS, Aeptechnology, Inc.), and the sheet resistance of the pure ITO and PEDOT:PSS coated ITO films was detected by a four-point probe station (Lucas Signatone SP4, Signatone).
III. RESULTS AND DISCUSSION
A. Impedance
The average thickness of the PEDOT:PSS coating was 103 nm (n = 5). The sheet resistance was 59.96 ohm/sq and 56.35 ohm/sq (n = 5) for the PEDOT-PSS coated ITO and pure ITO film, respectively, which were consistent with the values provided by SigmaAldrich. The PEDOT:PSS coated ITO film exhibits a slightly higher resistance than the pure ITO film. For the EIS measurements, four different diameters of the ITO electrodes with and without the PE-DOT:PSS coating were tested: 10 μm, 37 μm, 50 μm and 80 μm. These diameters were chosen to match the size of neuron cell body for single unit recording, which typically varies from 4 μm to 100 μm in diameter [9] . The Bode plots in Fig. 2(a) and (b) show the typical electrode impedance magnitude and phase versus frequency, respectively. The impedance of the PEDOT:PSS coated ITO electrode was highly resistive over a wide frequency range of 1 Hz-10 kHz, suggesting that charge transfer is attributed to reversible faradaic reactions. The PEDOT:PSS coating effectively reduced the overall electrochemical impedance of the microelectrodes in a wide frequency spectrum, in consistence with other reports [10] . Fig. 3(a) showed that the average impedance at 1 kHz decreased when the electrode area increased for both the plain and PEDOT:PSS coated ITO microelectrodes. The impedances of the PEDOT:PSS coated microelectrodes were consistently two orders of magnitude lower than those of the plain ITO microelectrodes.
This reduction in impedance is mainly attributed to the increase in the surface roughness of the microelectrodes after the PEDOT:PSS coating, as indicated in the AFM images in Fig. 4 . The average roughness (R a ) and peak-to-peak mean roughness depth (R t ) of the PEDOT:PSS-ITO film is 3.33 nm and 39.15 nm, respectively, while R a and R t of the ITO film is 0.85 nm and 12.02 nm, respectively. The rough surface provides a large effective surface area of the electrode when exposed to the electrolyte, allowing more charge to flow across the electrodeelectrolyte interface. Consequently, the PEDOT:PSS coating reduced the electrode's impedance.
To evaluate the stability of the microelectrodes, the devices were kept in saline at room temperature for up to 4 weeks, and their impedance and phase changes were monitored weekly and plotted in Fig. 3 
(b)-(d).
Our results show that the PEDOT:PSS coated ITO electrodes exhibited good stability over four weeks with an overall impedance increase of less than 7.23%, which is slightly higher than the ITO electrodes (with an impedance increase of 3.62%). The increase in impedance magnitude may be due to PEDOT:PSS reaction with oxygen and moisture. PEDOT:PSS absorbs water upon exposure to air, creating an aqueous acid environment that facilitates etching of the ITO [11] . Indium etch products will then be transported throughout the PEDOT:PSS film, thereby weakening the stability of the ITO-PEDOT:PSS interface and slowly increasing impedance. The impedance magnitude of week 2 was slightly lower than week 1, possibly because the Parylene-C layer was a little detached from the substrate, leading to more ITO electrode exposure in the saline solution during the electrochemical testing which counteracted the influence from oxygen and moisture. Of note is that exposing the device to saline had minimal impact on the impedance phase within the frequency range of interest (100 Hz-10 kHz) [12] . Visual inspection did not observe any signs of major physical damage and delamination of the PEDOT:PSS coating. Fig. 5(a) plots the CV scans of both the plain and PEDOT:PSS coated ITO electrodes. For the PEDOT:PSS coated devices, the larger area under the CV curve indicates a larger cathodic charge storage capacity, as compared to the plain ITO electrode. The charge storage capacity of the electrodes calculated from these CV curves was 58.06 μC/cm 2 for the plain ITO electrode and 582.45 μC/cm 2 for the PEDOT:PSS coated ITO electrode. Our result is consistent with those from previous studies [13] , where PEDOT:PSS films had been proven to have a large degree to enhance the charge storage capacity due to the increased effective surface area. Fig. 5(b) shows the CV scans of the PEDOT:PSS coated electrode for 10 consecutive cycles, indicating the excellent short-term stability of the PEDOT:PSS coating in room temperature saline solution. Fig. 6 shows the optical transmittance of different substrates: pure PET, ITO/PET, ITO/PET with PEDOT:PSS, and ITO/PET with PE-DOT:PSS stripped. It can be seen that the PEDOT:PSS coating significantly improves the optical transmittance throughout the visible range of 400-700 nm. Because the refractive index of the PEDOT:PSS (1.334) is much smaller than that of the ITO (1.972), the overall reflective loss at the air-PEDOT:PSS and PEDOT:PSS-ITO interface is lower than that at the air-ITO interface, based on the Fresnel equations [14] . Since PEDOT:PSS has a very small absorption coefficient in UV-Vis region [15], the transmittance improvement of the PEDOT:PSS coated ITO is mainly attributed to the decrease in reflectance at the air-substrate interface. A quarter-wave effect may also contribute to the increase in transmittance: nd = λ/4, where n and d is the refractive index and thickness of the film, respectively, and λ is the wavelength [14] . At visible wavelengths, the thickness of our PEDOT:PSS film (103 nm) fits the quarter-wave situation, where the PEDOT:PSS film acts as an antireflective layer, allowing more light to be transmitted through the substrate. Both the PEDOT:PSS coated ITO and pure ITO films show strong absorption at 310-400 nm.
B. Charge Storage Capacity
C. Optical Transmittance
D. Equivalent Circuit Model
We studied the physical processes contributing to the electrode impedance using equivalent circuit models. The circuit model in Fig. 7 (a) obtained from [16] was used for the plain ITO electrode, which consists of a constant phase angle impedance Z C P A , shunted by a charge-transfer resistance R c , in series with the solution resistance R s . After the ITO surface was covered with PEDOT:PSS, the device was modeled by the circuit in Fig. 7(b) , where an additional Z C P A − R c circuit element was used. The first Z C P A − R c parallel element represents the electron transfer occurring at the ITO-PEDOT:PSS interface while the second Z C P A − R c element represents the charge transfer reaction at the PEDOT:PSS-electrolyte interface. The two parallel circuit elements were put in series with the solution resistance R s . The Warburg impedance was not included in this study because it did not have a significant contribution to the overall impedance in our experiment [17] . The constant phase angle impedance, which is a measure of the non-faradaic impedance, can be calculated by the empirical relation:
where Q is a measure of the magnitude of Z C P A , n is a constant (0 ࣘ n ࣘ 1) representing inhomogeneity in the surface, and ω = 2πf . When n = 1, Z C P A corresponds to an interface capacitance that acts as a purely capacitive impedance element [4] . The solution resistance R s is the resistance between the working electrode and the reference electrode. The charge transfer resistance arises from the lowfield approximation of the Butler-Volmer equation, which reduces to Ohm's law. Table I shows the fitted values based on the above models. The impedances of the interface capacitance were calculated using (1) at an angular frequency of 1 s −1 . The fitted parasitic resistance is given as R s + R w , where R w is the resistance of the wire connecting the electrode to the testing instrument. Finally, we calculated the overall impedances of each microelectrode. The results show that the PE-DOT:PSS coating leads to a decrease in R c by 6 orders of magnitude at both the ITO-PEDOT:PSS and PEDOT:PSS-solution interfaces. Compared to the ITO-electrolyte interface, the PEDOT:PSS-electrolyte interface exhibited much lower Z C P A values, which were comparable to the reduced R c values. Consequently, the total impedance magnitude of the PEDOT:PSS coated ITO microelectrode was 6 orders smaller than that of the plain ITO microelectrode. These analytical results for the PEDOT:PSS coated ITO have not been well-concluded in electrophysical recording before our investigation, while the solar cells and LEDs have been extensively-researched [18] .
IV. CONCLUSION
In this letter, we fully characterized the electrochemical properties of the PEDOT:PSS coated ITO microelectrodes, which exhibit significantly improved impedance and charge capacitance over the pure ITO electrodes, suitable for use in neurophysiological recording. The PE-DOT:PSS coated ITO electrodes remain stable over 4 weeks in room temperature saline. The PEDOT:PSS coating results in a rougher surface microphology, which contributes to the impedance decrease and capacitance increase of the electrode. The EIS results were fitted into the equivalent circuit models, confirming that the significantly reduced impedance of the electrode was caused by the PEDOT:PSS coating. Lastly, the PEDOT:PSS coating improves the optical transmittance in the visible spectrum by reducing the reflectance at the air-substrate interface. Future work will focus on evaluating electrode functionality in in vivo neural recording experiments.
